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Abstract
The wisent, also known as the European bison, was rescued from extinction approximately 80 years ago through the
conservation of 12 individuals. Here, we present the draft genome sequence of a male wisent individual descended from
this founding stock. A total of 366 billion base pairs (Gb) of raw reads from whole-genome sequencing of this wisent were
generated using the Illumina HiSeq2000 platform. The final genome assembly (2.58 Gb) is composed of 29,074 scaffolds with
an N50 of 4.7 Mb. 47.3% of the genome is composed of repetitive elements. We identified 21,542 genes and 58,385 non-coding
RNAs. A phylogenetic tree based on nuclear genomes indicated sister relationships between bison and wisent and between
the wisent-bison clade and yak. For 75 genes we obtained evidence of positive evolution in the wisent lineage. We provide
the first genome sequence and gene annotation for the wisent. The availability of these resources will be of value for the
future conservation of this endangered large mammal and for reconstructing the evolutionary history of the Bovini tribe.
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Introduction
Wisent (Bison bonasus), also known as the European bison, is an
impressive mammal of the tribe Bovini [1]. In prehistoric Europe,
wisent was widely distributed as a major herbivore in broad-
leaf forest and/or forest-steppe ecosystems [1]. However, due
to unrestricted hunting, and degradation of habitats by agricul-
tural activity and forest logging, the last wild population in the
Caucasus disappeared in 1927 [1, 2]. Wisent is now listed as a
threatened species by the International Union for Conservation
of Nature [1]. All current wisents kept in European zoos and
reservations since approximately 80 years ago descend from 12
founding individuals.
Sequencing
The wisent sample analyzed was collected from the tongue of
a male calf that died in the National Park Zuid-Kennemerland
(The Netherlands) in 2014. Genomic DNA was isolated using a
Qiagen DNA purification kit. Sequencing libraries with different
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Table 1: Comparison of genome assembly and gene annotation in wisent, yak, and taurine cattle.
Assembled genome Scaffold Contig Gene Mean gene
Species size (Mb) N50 (Mb) N50 (kb) number length (bp)
Wisent 2575.96 4.69 14.53 21 542 31 458.00
Yak 2656.77 1.40 20.45 22 282 29 106.90
Taurine Cattle 2673.16 105.98 88.13 20 526 40 944.10
insert sizes were constructed according to the Illumina protocol.
For insert sizes of 170 to 800 bp, 6 μg of DNA was fragmented,
end-paired, and ligated to Illumina paired-end adaptors. Lig-
ated fragments of 170, 200, 500, and 800 bp were fractionated
on agarose gels and purified by PCR amplification to yield the
corresponding libraries. For mate-pair library construction with
insert sizes of 2, 5, 10, and 20 kb, 60 μg of genomic DNAwas used
and circularized, while remaining linear DNA was digested. The
circularized DNA was fragmented, purified as biotinylated DNA,
and ligated to adapters. All libraries were sequenced on an Illu-
mina HiSeq 2000 platform (Table S1).
Assembly
For de novo genome assembly, we corrected the reads with short-
inserts using SOAPec [3], a kmer-based error correction software.
On the basis of the k-mer distribution (Fig. S1), the genome size
of wisent was estimated to be 2.98 Gb.
The assembly was performed in three steps: (i) reads from
the same short-insert libraries were assembled with ABySS [4]
into distinct contigs on the basis of k-mer overlap information;
(ii) reads from the long-insert (≥2kb) libraries were aligned to
the contig sequence (longer than 500 bp) and the paired end re-
lationships between reads were used to construct scaffolds us-
ing SSPACE [5]; and (iii) gaps between scaffolds were closed us-
ing Gapcloser from the Short Oligonucleotide Analysis Package
(SOAP) [3]. This approach used the paired-end information to re-
trieve read pairs that had one read well aligned to a contig and
the other read locatedwithin a gap region, and then performed a
local assembly of the collected reads in the gap region. This filled
285 642 (47.1%) of gaps and reduced the number of ambiguous
bases from 182 to 125 million base pairs.
De novo assembly yielded a draftwisent genomewith a length
of 2.58 Gb, slightly less than 2.66 Gb and 2.65 Gb obtained for the
yak and taurine cattle genomes, respectively, whichmight be the
result of removing contigs less than 500 bp in the second step
of assembly. The N50s of contigs and scaffolds of wisent were
15 kb and 4.7 Mb, respectively (Table S2), similar to those
recorded for other recently published animal genomes (Table
S3); however the scaffold N50 was much longer than that of
the yak genome (Table 1). In addition, the mitochondrial DNA
sequence with a length of 16 326 bp was recovered by align-
ing reads of pair-end libraries to the published wisent mito-
chondrial sequence and assembling by ABySS. This differed only
slightly (0.13%) from that obtained frompreviousmtDNAdata [6]
(Fig. S2).
We examined the quality of the genome assembly by consid-
ering base-level accuracy, integrity, and continuity, respectively.
The sequencing depth of 98% of the assembly was more than
20-fold (Fig. S3), ensuring high accuracy at the nucleotide level.
To assess the integrity of our assembly, we carried out BUSCO
[7] and CEGMA [8] analyses on the wisent genome. The BUSCO
score, using BUSCO gene prediction, was 83.4% (Table S4; 94%
completematches if using our annotation) and the CEGMA score
was 68.15% (Table S5). These scores are comparable to those for
taurine cattle (both UMD3.1 and Btau4.6.1) and yak genomes. Fi-
nally, to evaluate the trade-off between the contiguity and cor-
rectness of our assembly, we applied the FRC method [9], which
is based on a prediction of assembly correctness by identifying
on each de novo assembled scaffold, ‘features’ representing po-
tential errors or complications during the assembly process. The
FRCurve was calculated on six assemblies (Fig. S4): the wisent
genome assembly generated with SSPACE, an alternative wisent
genome assembly generated with SOAPdenovo, the UMD3.1 and
Btau4.6.1 cattle genome assemblies, the OAR31 sheep assembly
and the V1.1 yak assembly, respectively. The similar FRCurves
of the two wisent genome assemblies indicate that the SSPACE
version of thewisent genome did not losemore correctness than
SOAPdenovo, although the scaffold N50 size of SSPACE version
is 10 times larger (4.69 instead of 0.47Mb). However, we note that
UMD3.1 genome assembly, generated using a combination of
BAC-by-BAC hierarchical and whole-genome shotgun sequenc-
ing methods, generated a better FRCurve than the other five as-
semblies.
Wemapped the reads fromshort-insert length libraries to the
wisent reference genome with BWA [10] and performed variant
calling with GATK [11]. With strict quality control and filtering,
we obtained a total of 1.94 million SNVs (Table S6) and noted
that heterozygosity rate (0.79 × 10−3) was similar to that esti-
mated for yak (0.89× 10−3) [12]. Moreover, a total of 155 975 inser-
tions and deletions (Table S7) were obtained. Similar to previous
studies in yak [13], the InDels in the coding regions exhibit an
enrichment for sizes that were multiples of three bases (Fig. S5).
Annotation
The repetitive regions of wisent sequences were identified with
a combination of homology-based and de novo approaches.
For homology-based repetitive sequences and transposable el-
ements (TE) listed in Repbase and TE protein database, Repeat-
Masker [14] and RepeatProteinMask were used. In addition, re-
peat elements were de novo predicted by Tandem Repeats Finder
(TRF) [15], LTR FINDER [16], PILER [17], and RepeatScout [18] with
default parameters.We found that 47.3% of our wisent assembly
is composed of repetitive elements (Table S8), similar to that in
yak [12] (Fig. S6).
We used homology and de novo prediction to identify protein-
coding genes. For homology-based gene prediction, protein se-
quences from six mammals (human, mouse, horse, sheep,
taurine cattle, yak) were aligned to the wisent genome with
TBLASTN [19]. Potential gene regions were identified and ex-
tracted with BLAST2GENE [20] and further extended with 5 kb of
5’UTR and 5 kb of 3’UTR. We then applied GeneWise [21] for ac-
curately aligning the extended potential gene region andmatch-
ing the protein sequences. We used Augustus [22] and GenScan
[23] for de novo gene prediction based on the parameters trained
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for wisent and human. We then used EVM [24] to integrate ho-
mologues and genes predicted by the de novo approach and gen-
erated a consensus gene set. A total of 21 542 genes were pre-
dicted to be present in the repeat-masked wisent genome, 73%
and 68% of which were annotated by Gene Ontology [25] and
KEGG [26], respectively. In addition, we identified 58385 noncod-
ing RNAs in the wisent genome (Table S9).
Comparing the wisent genome with those for yak and tau-
rine cattle, we found no significant differences in number of
genes, gene length distribution, and exon length distribution
(Table 1, Fig. S7). We further compared the gene compositions
of wisent, yak, and taurine cattle to the latest KEGG database.
No pathway showed a significant difference between the three
species except for pathways, ko04740 (Olfactory transduction)
and ko03010 (Ribosome), which contained significantly more
genes in yak. These results indicate that our gene predictionwas
reliable and that gene composition was conserved in the three
species.
Comparative analysis
To identify any large-scale variations between the assembled se-
quences of wisent and cattle (autosomes and X chromosome
from UMD3.1, Y chromosome from Btau4.6.1), we performed
synteny analysis with ‘last’ [27]. A total of 2.22 Gb 1:1 align-
ment, covering 83% of cattle genome and 86% of wisent genome,
was generated (Fig. S8, Table S10). The sequences of cattle auto-
somes were well covered (average value= 85%) with the synteny
alignment, while only 69% and 2% were covered for chromo-
somes X and Y, respectively. The scaffolds of the wisent genome
aligned to the sex chromosomes were alsomore fragmented. Al-
though most scaffolds in wisent could be well aligned to cattle
chromosomes, a significant number of inter-chromosomal re-
arrangements were present between two species (Fig. S8). We
then summarized the synteny result of scaffolds larger than
500 kb and found that on average 83% of a scaffold could be
aligned to one cattle chromosome, while at most 0.3% of the
scaffold were aligned to more than two cattle chromosomes
(Fig. S9a). By comparing wisent and cattle genomes we identi-
fied 13495 inter-chromosomal, intra-chromosomal, or inversion
breakpoints (edge of transposition events) (Table S10), which
may be caused by errors in assembly of both genomes, er-
rors of synteny alignments (false positive and false negative),
or real transposition events between wisent and cattle. How-
ever, it is difficult to distinguish between such possible artifac-
tual and real effects. The breakpoint distributions were signif-
icantly enriched in repeat regions (Fig S10a), which are sensi-
tive to rearrangements but also to assembly or alignment er-
rors. Longer scaffolds were found to harbor fewer breakpoints
(Fig. S10b), reflecting the complexity and often problematic as-
sembly of short scaffolds. Single molecule sequencing with
unbiased long reads will be ideal for identifying large-scale
variations.
The synteny alignments within six species (yak:
GCA 000298355.1, zebu cattle: GCA 000247795.2, bison:
GCA 000754665.1, water buffalo: GCA 000471725.1) [12, 28–30]
were generated with a combination of ‘last’ and ‘multiZ’ [31]
(Table S11). An average nuclear distance (percent of different
base pairs in the synteny regions) between wisent and bison
was 0.37% (Fig. S11, Table S12), which is less than that between
wisent and taurine cattle (0.93%) or between taurine cattle and
bison (0.93%). Phylogenetic relationships reconstructed with
Examl [32] (Fig. S12) confirmed the sister relationship between
wisent and bison, and also a sister relationship between the
wisent-bison clade and yak. A more detailed resolution of spe-
ciation events and evolutionary histories within the Bovini tribe
awaits further analyses following the sequencing of genomes
of additional individuals of member species.
To predict the species-specific and commonly shared genes
in wisent and other species, we used orthoMCL [33] to define
clusters of orthologous genes. For this, we downloaded the gene
sets of six additional species (human, dog, horse, sheep, tau-
rine cattle, yak) from Ensembl [34] and related databases [35].
In total, we identified 12358 homologous gene families shared
by wisent and the six species (Table S13), 272 gene families that
were specific to wisent and yak, and 58 specific only to wisent
(Fig. S13).We finally used the branch-site likelihood ratio test [36]
to identify positively selected genes in the wisent lineage com-
pared with others in the Bovini tribe. We identified 75 positively
selected genes, which are enriched in tissue remodeling and ion
transport (Tables S14, S15).
We conclude that the genomic resources described in this re-
port will be useful for investigating the evolutionary histories of
the Bovini tribe and will have relevance for the future conserva-
tion of wisent.
Availability of supporting data
The sequencing reads of each sequencing library have been de-
posited at NCBI with the Project ID: PRJNA321590, Sample ID:
SRS1439150. The assembly and annotation of thewisent genome
are also available in the GigaScience GigaDB database [37] and
at the yak genome database (http://me.lzu.edu.cn/yak). The as-
sembly pipeline and commands used in this work are available
at GitHub (https://github.com/wk8910/assemble pipeline/). Sup-
plementary figures and tables are provided in Additional file 1.
Additional files
Figure S1: K-mer (k = 23) distribution in wisent.
Figure S2: Phylogeny relationship of the assembled mitochon-
drial sequence.
Figure S3: Sequencing depth of the assembled wisent genome.
Figure S4: FRCurve of six genome assemblies.
Figure S5: Counts of InDels in coding regions, showing an en-
richment of multiples of three bases.
Figure S6: Comparison of the composition of repetitive elements
in wisent and yak.
Figure S7: Comparison of gene lengths, intron lengths, exon
lengths and exon numbers in the genomes of taurine cattle,
wisent and yak.
Figure S8: Synteny relationship of wisent and taurine cattle.
Figure S9: Summary of the number of chromosomes that a given
scaffold of wisent could be aligned to.
Figure S10:Density of breakpoints (number permillion bases) in
different regions of genome.
Figure S11: Divergence of American-European bison and
taurine–zebu cattle.
Figure S12: Phylogeny relationships within the Bovini tribe.
Figure S13: Venn diagram of gene families within five species.
Wisent and yak shared the largest number of specific gene fam-
ilies.
Table S1: Summary of sequenced reads.
Table S2: Summary statistics of the genome assembly of wisent.
Table S3: Assembly statistics from published animal genomes
generated since 2012.
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Table S4: Summary of BUSCO analysis by counting matches to
3023 single-copy orthologs.
Table S5: Summary of CEGMA analysis.
Table S6: The distribution of SNVs in the wisent genome.
Table S7: The distribution of InDels in the wisent genome.
Table S8: Summary statistics of interspersed repeat regions in
wisent.
Table S9: Summary statistics of noncoding RNAs in wisent.
Table S10: Summary of breakpoints of wisent and taurine cattle.
Table S11: Summary of synteny alignments.
Table S12: Mean genomic divergence between each species.
Table S13: Summary statistics of gene families in seven species.
Table S14: Genes subject to positive selection in wisent.
Table S15: Enriched gene ontology of positively selected genes.
Availability and requirements
 Project name: Assembly pipeline used in the wisent genome
paper.
 Project home page: https://github.com/wk8910/assemble
pipeline/.
 Operating systems: Unix.
 Programming language: Python.
 License: Mozilla Public License Version 2.0 (MPLv2).
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